We fabricate polymer compounds from titania-doped polyethylene and characterize their linear optical properties by terahertz time domain spectroscopy. We show that the high concentration of dopants not only enhances the refractive index of the composite material, but it also can dramatically raise its absorption coefficient. We demonstrate that the optimal design of photonic bandgap fibers based on lossy composites depends on finding a compromise between the high-refractive-index (hRI) contrast and corresponding material losses. Finally, fabrication and transmission measurements for the hRI contrast hollow-core Bragg fiber are reported and compared with simulations.
INTRODUCTION
The development of terahertz (THz) waveguides is motivated by the need for efficient delivery of THz radiation to enable remote THz sensing, imaging and spectroscopy applications [1] . The chief obstacle for realizing low-loss THz waveguides is that most materials exhibit large absorption losses inside the THz spectrum. A solution found to partly overcome this problem is to design either hollow-core or highly porous waveguides, or subwavelength solid-core waveguides, in all of which a substantial portion of the optical power is guided in dry air. In line with this scheme, several types of microstructured fibers have been designed from low-loss polymers: photonic crystal fibers [2, 3] , porous fibers [4] [5] [6] , hollow Bragg fibers [7] , and antiresonant reflecting optical waveguides (ARROWs) [8, 9] . Our study here focuses on the hollow-core Bragg fiber, which can support spectrally broad transmission windows (large bandgaps) when using two dielectrics with high-refractive-index (hRI) contrast in the periodic reflector surrounding the fiber core. In this regard, there is a strong incentive to develop hRI materials to enable THz optical components and waveguides operating on the principles of the photonic bandgap.
In this work, we demonstrate that increasing the concentration of subwavelength-size microparticles inside a polymer not only elevates the refractive index of the dielectric layers (which is a positive feature); but also significantly raises the absorption losses of the composite material (which is a negative feature). We present experimental optical characterizations of the doped-polymer films and the hollow-core Bragg fiber fabricated by our group. Our analysis reveals that for the design of THz Bragg fibers or filters, a balance between the strength of the refractive index contrast and rising material losses must be found; otherwise, high losses may completely suppress the fiber bandgaps.
GEOMETRY OF HOLLOW-CORE BRAGG FIBERS
Losses occurring inside a periodic dielectric reflector decrease exponentially with the number of bilayers. So the larger the number of bilayers, the lower are the losses and clearer are the bandgaps. However, in practice, it is only possible to simulate a finite number of bilayers. So in order to clearly illustrate the theoretically achievable bandgaps in a Bragg fiber, in our numerical calculations we assume a perfectly circularly symmetric Bragg fiber of core diameter d core ¼ 6:63 mm, composed of 14 bilayers [ Fig. 1(a) ] created by periodic wrapping of hRI TiO 2 -doped polyethylene (PE) and low-refractive-index undoped PE films of respective thicknesses d H ¼ 135 μm and d L ¼ 100 μm. These values correspond exactly to the hollow-core size and layer thicknesses measured in the rolled Bragg fiber [ Fig. 1(b) ]. Because of the fragility of strongly doped layers, the fabrication process currently remains challenging, and we successfully produced only five bilayers in the actual Bragg fiber of 22:5 cm in length.
CHARACTERIZATION OF MATERIALS USED: TITANIA-DOPED POLYMER COMPOUNDS
High-refractive-index materials in the THz range have recently been demonstrated by incorporating hRI subwavelength-size particles within a host polymer [10] [11] [12] . Similarly, we use doping of linear low-density PE with high-index rutile titanium dioxide (TiO 2 ) microparticles of varying concentrations in order to control the composite material refractive index and absorption coefficient. THz-TDS transmission measurements performed on the fabricated TiO 2 -doped and undoped PE films showed that the refractive index of the polymer compounds remained practically constant throughout the 0:1-2:0 THz range (inset of Fig. 2 ). The refractive index of the PE-TiO 2 polymeric compound was well fitted with Bruggeman's effective medium approximation [12] :
where f v is the volumetric particle fraction (0 < f v < 1) of the doping particles, and ε p , ε h , and ε m denote the respective permittivities of the dielectric particles, host, and mixture. While the Maxwell-Garnett (MG) effective medium model is valid for dilute volume concentrations (f v < 15 vol:%) of spherical particles within a host material [12] , the Bruggeman mixing model extends the validity domain of the MG approach for a high concentration of dopants by taking into account the distinct interactions of the two-phase composite medium. We measured for the host pure PE: ε h ¼ 2:455 (or n h ¼ 1:567). The utilized permittivity of pure rutile TiO 2 is ε p ¼ 109:96 as measured in [12] . Small discrepancies between the model [Eq. (1)] and the measurements in Fig. 2 can be explained by noting that samples displayed significant inhomogeneity at high doping concentrations, and that the TiO 2 grade used (DuPont, Ti-Pure R-104) contains up to 3 wt:% of impurities. The relation
where ρ p and ρ h represent the densities of each compound, was used for converting a weight fraction f w of particles into a volume fraction f v . The density of the PE polymer provided by the manufacturer (Nova Chemicals, SCLAIR PE FP120 A grade) is ρ h ¼ 0:920 g=cm 3 and that of rutile TiO 2 is ρ p ¼ 4:2743 g=cm 3 . In Fig. 3 we present THz-TDS measurements of the absorption loss of doped compounds. Importantly, the material loss exhibits a sharp quadratic increase with frequency in doped compounds. The power loss coefficient (α m ) in cm −1 of a TiO 2 -doped-PE composite was here empirically modeled as a function of the volumetric doping fraction (f v ) and input frequency (ν) via the following second-order polynomial fit:
For our TiO 2 -PE compound, the coefficients are a 1 ¼ 25:5, a 2 ¼ −5:5, a 3 ¼ 4:0, and a 4 ¼ 0:2. Coefficient a 4 actually defines the measured base absorption of undoped PE, which oscillates (due to Fabry-Perot effects in planar samples [11] ) about an average approximate value of 0:2 cm −1 in the range of 1:0-2:0 THz.
NUMERICAL SIMULATIONS: EFFECT OF MATERIAL LOSSES ON FIBER BANDGAPS
We now investigate transmission through Bragg fibers made of a combination of doped and pure PE films. To launch light into the fiber, we focus a linearly polarized THz source into the core center, thus predominantly exciting modes with angular momentum m ¼ 1 (HE 1n and EH 1n modes). The attenuation coefficient of the lowest-order fundamental HE 11 -like mode was computed using a transfer-matrix (T-matrix) mode solver and assuming an hRI of n m ¼ 2:985, which corresponds to f w ¼ 80 wt:%. To demonstrate the detrimental effect of the reflector's material loss on the Bragg fiber transmission, we present the HE 11 modal losses for various values of the hRI (hRI) material loss. Specifically, we vary the loss of a composite material from zero up to its maximal value given by Eq. (2) by assuming in our simulations:
The cyan dotted curve in Fig. 4 corresponds to a doped Bragg fiber with no absorption losses (f loss ¼ 0%) in the bilayers. This idealized configuration reveals 10 distinct bandgaps inside the 0:1-3:0 THz range, with the widest one being the fundamental bandgap located at 0:3 THz. For frequencies inside the bandgaps, light is tightly confined within the hollow core and thus guided with very low attenuation (see Fig. 4, inset) .
For frequencies outside of the bandgaps, however, a substantial fraction of guided power is present in the reflector layers, and we observe that the fiber transmission is a highly oscillatory function of frequency (see, for example, the 0:35-0:50 THz region in Fig. 4 ). This oscillatory behavior can be explained by noting that for frequencies outside of the bandgaps, the multilayer reflector stack can be viewed as a single, thick dielectric tube. Such tubes are known as ARROWs or capillary waveguides [8, 9] , and they exhibit periodic drops and rises in their transmission spectrum with a period proportional to the ratio of the wavelength to tube thickness.
From Fig. 4 we conclude that there are two main effects of material absorption on the transmission properties of a Bragg fiber. First, we notice that for frequencies outside of bandgaps, elevated material loss leads to flattening of the rapid oscillations in the fundamental mode loss. The explanation is that large material losses cause strong attenuation of the outgoing traveling waves inside the reflector over the section of the tube wall thickness. The second observation is that lowloss transmission within bandgap regions persists even for relatively high material losses (dashed green, long-dashed dark blue, and solid red curves in Fig. 4 ). Note that for frequencies within the bandgaps, the modal fields decay exponentially fast into the reflector region; thus, field penetration is typically limited to the first few bilayers.
The creation of bandgap regions in the Bragg fiber transmission spectrum is actually due to destructive interference of counterpropagating waves within several reflector bilayers closest to the core/reflector interface. Clearly, to destroy spatial interference over a distance of a few bilayers, much higher material losses are required than those needed to destroy spatial interference over a distance of a much thicker capillary wall. It is thus logical to find that bandgap guidance can still persist, even for high material losses for which leaky modes due to resonances in the capillary walls are already suppressed. This indicates that, in principle, the bandgap guiding mechanism in Bragg fibers is more resilient to material losses than the ARROW-based capillaries. In the limit of very high material loss, spatial interference within the first few reflector layers vanishes; instead, the Bragg fiber guides solely due to Fresnel reflections at the inner air/reflector interface (red curve in Fig. 4 at frequencies >2 THz) . In these conditions, the Bragg fiber behaves as a bore waveguide that has a characteristic 1=ν 2 attenuation dependence with frequency [13] . To further examine the combined effects of the elevation of the refractive index and material losses with increasing doping concentration on the bandgaps, we computed the theoretical HE 11 mode attenuation spectrum between 0.8 and 1:2 THz for an ideal Bragg fiber made of five bilayers whose layer thicknesses (d H and d L ) were suitably tuned to obey the quarter-wave condition d HñH ¼ d LñL ¼ λ c =4 at the grazing angle of incidence (θ ¼ 89°) of a planar reflector [7] , so as to maximize the bandgap size around a center wavelength of interest λ c (in this case, λ c corresponds to ν c ¼ 1 THz),
and n c denotes the refractive index of the hollow core. The results depicted in Fig. 5 first indicate that the minimum HE 11 loss (∼0:3 dB=m) in this ideal Bragg fiber is obtained at low TiO 2 doping concentrations (∼10 wt:%); however, larger bandgaps along with relatively low losses can be found at very high concentration levels (∼85 wt:%). Between these two far opposite regimes of doping, we identify a much less interesting and intermediary zone, roughly between 30 and 70 wt:%, that offers limited bandgap size and substantially larger attenuation losses. What we can conclude from Fig. 5 is that one can obtain very wide bandgaps using high-loss and hRI composite materials, but the trade-off is an increase of the achievable minimum attenuation value (i.e., the trough of the bandgap) compared to a similar low-loss low-index-contrast Bragg fiber. an ideal Bragg fiber (five bilayers) whose reflector layer thicknesses are tuned to respect the quarter-wave condition [7] giving maximal bandgap size near the center frequency 1 THz.
EXPERIMENTAL RESULTS
In our work, we also investigated numerically the effect of the spiral shape of a rolled Bragg fiber (see inset of Fig. 6 ) on the modal transmission properties of the fiber. We compared in Fig. 6 the losses of a fundamental core mode as computed using a T-matrix theory for circular multilayers [14] , versus the results of a finite element method (FEM) simulation of the corresponding spiral structure (dashed green and dotted blue curves, respectively). We see in Fig. 6 that the inner step defect of the actual spiral-shaped Bragg fiber had only a minor effect, such that the two numerical approaches yield very similar modal loss curves. The FEM calculations (dotted curve in Fig. 6 ) of the fundamental mode propagation losses indicate that the hollow-core's broken symmetry created by the small inner step results in a slight (∼0:05 THz) blueshifting of some peaks of radiation loss located near the blue end of the THz range (where the dimension of the light wavelength becomes closer to that of the step defect). We also present in Fig. 6 the THz-TDS measurements (open circles) of the total loss of the Bragg fiber shown in Fig. 1(b) . The actual total fiber loss includes not only the transmission loss, but also the (in-and-out) coupling losses. Moreover, the fiber is multimode. Thus, to provide a correct theoretical prediction of the measured results, we must include intermodal interference effects and coupling losses into consideration. We account for intermodal interference effects by calculating the output transmission at the end of the Bragg fiber using the respective modal absorption coefficients and effective indices of the HE 11 and the second lowest-loss HE 21 mode. A standard frequency-dependent estimate of the coupling losses was obtained by using the overlap integral of the input Gaussian field with that of the HE 11 and HE 21 mode field as performed in [15] . The results of simulations taking into account intermodal effects and coupling losses (red solid curve in Fig. 6 ) agree on the loss scale and the overall behavior with the experimentally measured results.
CONCLUSION
In summary, we experimentally and theoretically investigate fabrication of photonic bandgap fibers using hRI THz materials based on doped polymeric compounds. Current state-of-the-art THz waveguides have losses just below the 1 dB=m level [3, 8, 9, 16] . Our numerical calculations predict that propagation losses below 0:3 dB=m in doped-polymer Bragg fibers are theoretically achievable. However, it is difficult to demonstrate such low attenuation directly in our experiments due to the coupling losses and the intermodal effects. Our detailed analysis of the hollow-core Bragg fibers reveals that large absorption losses induced by a high concentration of dopants can effectively destroy the bandgap confinement mechanism of the periodic reflectors made from such compounds, even when material combination with a very hRI contrast is used. This finding is important for the design of THz optical components based on hRI composite materials.
